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Abstract
Background: Depressive symptoms are common in knee osteoarthritis (OA), exacerbate knee pain severity and may influence outcomes of oral
analgesic treatments. The aim was to assess whether oral analgesic effectiveness in knee OA varies by fluctuations in depressive symptoms.

Methods: The sample included Osteoarthritis Initiative (OAI) participants not treated with oral analgesics at enrolment (n¼ 1477), with radiographic
disease at the first follow-up visit (defined as the index date). Oral analgesic treatment and depressive symptoms, assessed with the Center for
Epidemiological Studies Depression [(CES-D) score �16] Scale, were measured over three annual visits. Knee pain severity was measured at visits
adjacent to treatment and modifier using the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) pain subscale (rescaled
range¼ 0–100). Structural nested mean models (SNMMs) estimated causal mean differences in knee pain severity comparing treatment versus
no treatment.

Results: The average causal effects of treated versus not treated for observations without depressive symptoms showed negligible differences
in knee pain severity. However, causal mean differences in knee pain severity comparing treatment versus no treatment among observations
with depressive symptoms increased over time from −0.10 [95% confidence interval (CI): −9.94, 9.74] to −16.67 (95% CI: −26.33, −7.01).
Accordingly, the difference in average causal effects regarding oral analgesic treatment for knee pain severity between person-time with and
without depressive symptoms was largest (−16.53; 95% CI: −26.75, −6.31) at the last time point. Cumulative treatment for 2 or 3 years did not
yield larger causal mean differences.

Conclusions: Knee OA patients with persistent depressive symptoms and chronic pain may derive more analgesic treatment benefit than those
without depressive symptoms and less pain.
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Key Messages

• Causal mean differences for oral analgesic treatment among person-time without depressive symptoms showed negligible reductions

in knee pain severity, compared with observations without depressive symptoms and no treatment during the study period.

• Average causal effects of oral analgesic treatment on knee pain severity among observations with depressive symptoms showed

consistently larger symptomatic reductions, compared with person-time with depressive symptoms and no treatment.

• Oral analgesic treatment may provide increasingly greater pain relief to knee osteoarthritis patients as the persistence of depressive

symptoms and knee pain severity increases, compared with those without depressive symptoms and less pain.
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Introduction

Knee osteoarthritis (OA), the most common arthritic condi-
tion worldwide, is a leading cause of physical disability.1 The
condition is characterized by the ‘disease’, which includes lo-
calized inflammation and degradation of joint cartilage, and
the ‘illness’ that manifests as pain and physical disability.2

Knee OA is considered a ‘serious disease’, with substantial
unmet medical care needs and lack of treatments to inhibit
progression.3 Medical management is focused on alleviating
joint pain and improving physical function and quality of
life. Treatments include education, exercise, weight loss, ther-
mal modalities, psychosocial interventions, oral analgesics,
intra-articular injections and joint replacement.4 However,
pain management is complicated by psychiatric comorbidity,
particularly depressive symptoms, which affect approxi-
mately 20% of persons with knee OA.5,6

There is incongruency between the ‘disease’ and ‘illness’,
where deteriorations in joint structure do not always corre-
late with pain. Systematic reviews demonstrate that the pro-
portion of knee OA patients with pain ranges from 15% to
81% among those with radiographic disease.7 Thus, other
aetiological mechanisms may contribute to joint pain, such as
depression, which is a barrier to medical management.8,9

Clinical phenotyping has identified a ‘depression’ subgroup
characterized by depressive symptoms, greater muscle weak-
ness, worse pain, more functional disability and slower gait
speed.10,11 The associations between knee OA and depression
are bidirectional, particularly pain and depressive symptoms,
a well-documented aetiological relationship.12 Research indi-
cates that pain in knee OA is determinative of depression on-
set and depressive symptom severity.13–15 Conversely,
depressive symptoms in knee OA are associated with higher
pain severity and worse pain trajectories.14,16–18 Knee pain
severity is also increasingly high (i.e. dose-dependent) with
greater depression persistence.19 Accordingly, depressive

symptoms may be both mediator and modifier regarding the
effects of common treatments and clinical progression of
knee OA.
Knee OA patients seek medical care when pain becomes

persistent, despite the use of over-the-counter treatments.
Nonsteroidal anti-inflammatory drugs (NSAIDs) and opioid
analgesics have greater effectiveness but more side effects
than paracetamol.20,21 Research suggests that knee OA
patients with depression receiving oral analgesics have twice
the odds of inadequate pain relief than those without depres-
sion.22 Depression may increase knee pain severity, influence
oral analgesic effectiveness and be a source of treatment effect
heterogeneity (Figure 1). Treatment effect heterogeneity—of-
ten described as treatment effect moderation—represents a
decrease or increase in intervention effectiveness within strata
of a modifier—also referred to as moderators or effect modi-
fiers.23 Depression is often an exclusion criterion in random-
ized controlled trials (RCTs) to increase the potential of
treatment response and reduce adverse events and drop-
outs.24 As such, variation in pharmacological pain treatment
effectiveness associated with depression in knee OA has not
been assessed in RCTs. Moreover, no observational studies
have evaluated whether depressive symptoms are a source of
treatment effect heterogeneity regarding oral analgesics
among persons with arthritis, to determine if effectiveness
varies as depressive symptoms change over time.
Examining treatment effect heterogeneity is usually per-

formed by assessing statistical interactions between interven-
tions and potential modifiers. Traditional epidemiological
methods were designed for scenarios with time-invariant inter-
ventions and treatment effect modifiers.23 Nonetheless, data are
often longitudinal, where treatment and modifier status both
change over time, and intervention effectiveness relates to cumu-
lative exposure history.25 The original marginal structural
model (MSM) implementation was developed to evaluate the

Figure 1. Directed acyclic graph showing the study design and hypothesized causal relationships between depressive symptoms, knee pain severity and

oral analgesic treatment. Effect moderation was constrained so that depressive symptoms could only modify the effectiveness of treatment measured

concurrently at the same time points; T1: Time 1; T2: Time 2; T3: Time 3; T4: Time 4
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cumulative impact of dynamic treatments but not designed to
account for potential biases arising from time-varying effect
moderation.26 By contrast, structural nested mean models
(SNMMs) are appropriate for examining intervention effect het-
erogeneity when assessing the cumulative effects of dynamic
treatments in terms of time-varying modifiers.27 Therefore, the
objective was to evaluate if oral analgesic treatment effective-
ness in knee OA varies as a function of person-time with and
without depressive symptoms. It was hypothesized that persons
with knee OA and depressive symptoms would show consis-
tently lower longitudinal analgesic medication response com-
pared with persons without depressive symptoms.

Methods

Study data and sample

This study used publicly available Osteoarthritis Initiative (OAI)
data collected from 2004 through 2010, which are accessible
through the National Institutes of Health’s National Data
Archive. The OAI is an observational cohort study of knee health
which was designed to identify factors related to the onset and
progression of symptomatic, radiographic knee OA; protocol
details are available elsewhere [https://nda.nih.gov/oai/].28 Briefly,
OAI participants provided written informed consent, and were
45 to 79years old (n¼ 4796) and enrolled at four academic med-
ical centres (University of Maryland/Johns Hopkins University;
Memorial Hospital of Rhode Island; Ohio State University;
University of Pittsburgh). Study visits occurred in prescheduled
waves that were approximately 1year apart. Data collected by
trained research staff from the baseline visit and four annual
follow-up assessments were used. These data comprise the origi-
nal 4-year longitudinal study with all relevant measures available
at every time point. Participants were restricted to those
(n¼1477) with radiographic disease [Kellgren–Lawrence (K-L)
grade �2 (range¼ 0–4)] and no oral analgesic treatment
at baseline.29

Treatment: oral analgesic medications

Oral analgesic use in the previous 30 days was recorded by
trained research staff using medication inventory forms.
Prevalent users of oral analgesic treatments at enrolment
(n¼1752) and those with missing treatment data (n¼12)
were excluded. Any oral analgesic use was operationalized as
a time-varying measure assessed at the first three time points
starting from the assigned index date. Treatment was defined
as use of prescription and non-prescription oral analgesics,
including acetaminophen, NSAIDs and opioid medications.
Pharmacotherapies were combined into a single measure to
estimate pooled treatment effects and mitigate sample size
issues related to assessing individual oral analgesics within
strata of the modifier. Participants may have taken more than
one treatment at each time point or switched oral analgesics
between visits, which reflects real-world utilization patterns.

Effect modifier: depressive symptoms

Depressive symptoms were defined as a time-varying effect
modifier assessed with the Center for Epidemiologic Studies
Depression (CES-D) Scale at the same visits as oral analgesic
treatment.30 The CES-D is a valid and reliable measure of de-
pressive symptoms which assesses symptomology in the prior
week; item response options range from 0 to 3, resulting in
summary scores of 0 to 60, where increasing score corre-
sponds to greater frequency and severity.30,31 The CES-D

reference time-frame represents diagnostic criteria for major
depression which requires core symptomology to be present
for 2 weeks.30,32 Previous data show that OAI participants
satisfying CES-D screening criteria (CES-D score �16) for
major depression have perpetually worsening symptom sever-
ity.33 Consequently, modifier status was defined using the
recommended CES-D screening threshold for major depres-
sion, and dichotomization yields easily interpretable esti-
mates in the form of mean differences, which enhances the
uptake and utility of results.34

Outcome: knee pain severity

The time-varying outcome was self-reported knee pain sever-
ity measured using the Western Ontario and McMaster
Universities Osteoarthritis Index (WOMAC) at visits adja-
cent to assessment of treatment and effect modifier at the sec-
ond, third and fourth time points.35 The WOMAC is a valid,
reliable and responsive questionnaire with three domains:
stiffness (2 items), pain (5 items), and disability (17 items);
items are scored on a 5-point Likert scale.35 The outcome
was defined as participants’ WOMAC pain scores (rescaled
to 0 to 100) for the index knee, and prior research indicates a
minimally clinically significant difference to be approxi-
mately 9.7 units.36 Index knee (left or right) was selected us-
ing an algorithm with the following primacy: (i) greater
structural disease severity; (ii) higher pain severity; (iii) right
knee (presumed to be dominant).

Potential confounders

Measures included as potential confounders were selected a
priori based on literature review. Time-invariant variables
assessed at enrolment were age (years), sex, race (White or
non-White), marital status (married, widowed, divorced, sep-
arated, never married), educational attainment (high school,
college graduate, postgraduate degree), employment status,
health insurance, smoking (never, former, current), alcohol
consumption (none, minimal, moderate), comorbidity and
symptomatic knee OA status. Comorbid conditions were
assessed using the Charlson comorbidity index.37

Symptomatic knee OA was defined by the presence of pain
on most days for at least 1 month during the past year. Time-
dependent confounders were measured at the same visits as
treatment and effect modifier and included body mass index
(BMI; kilograms per metres squared), intra-articular injec-
tions, knee injuries, physical performance, structural disease
severity and lagged knee pain severity. Intra-articular injec-
tions included any self-reported use of hyaluronic acid and/or
corticosteroids. Knee injuries were defined as a self-reported
event resulting in a limited ability to walk for at least 2 days.
Physical performance was assessed using walking speed
(metres/second) from the average of two 20-m gait speed tri-
als. Structural severity and lagged pain were measured using
K-L grade and WOMAC pain subscale, respectively.29,35

Statistical analysis

There were 1477 participants in the original study sample
with no current oral analgesic treatment at enrolment and ra-
diographic knee OA at the index visit. Descriptive statistics
for baseline characteristics were calculated stratifying partici-
pants by both depressive symptoms and oral analgesic treat-
ment at the first time point. Knee pain severity was evaluated
in a similar manner at three time points after the index date.
Continuous variables were described using means and
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standard deviations, and frequencies and percentages were
estimated for categorical covariates. Standardized mean dif-
ferences (SMDs) were used to characterize treatment-
covariate associations, and absolute values greater than or
equal to 0.10 were considered evidence of imbalance.38 The
effective analytical samples with complete data included
1337, 1221 and 1148 observations at the first, second and
third time points, respectively.

SNMMs are an adaption of conventional regression model-
ling that use careful temporal ordering and re-anchoring of time
regarding treatments, modifiers and outcomes and address
methodological issues related to treatment effect heterogeneity
in the longitudinal setting.27 First, dynamic treatments and
modifiers that influence each other and affect outcomes lead to
indirect effects of prior treatment that operate through future
levels of the modifier.27 Second, naively conditioning upon
modifiers affected by prior treatment over time can lead to bias
by inducing associations between the latter and unobserved
factors related to outcomes.27 These two methodological issues
are over-control of intermediate pathways and collider-
stratification biases and become more complex when
controlling for time-dependent confounding. The inverse-
probability-of-treatment-weighted regression-with-residuals
(IPTW-RWR) SNMM approach overcomes these challenges
and yields estimates that isolate the average causal effect of one
additional treatment interval versus no further intervention con-
ditional on prior treatment and modifier exposure history.27

Detailed information on the implementation, causal estimands
and interpretations are provided (Supplementary File S1,
available as Supplementary data at IJE online).

Analyses were performed using R statistical software (version
4.0.3), and the analytical code is provided (Supplementary File
S2, available as Supplementary data at IJE online). Briefly, sta-
bilized inverse probability weights were estimated using logistic
regression models to account for measured time-invariant and
time-varying confounders and missing observations. The effect
modifier was also regressed on past treatment, modifier and
treatment-modifier interaction history using generalized linear
models and then residualized. Finally, a weighted outcome
model was fit with indicator terms for treatment, residualized
modifier, time and treatment-modifier-time interactions using
the survey package in R, specifying participants as the clustering
unit to account for intra-individual correlation of repeated
measures outcome data. Post-estimation linear combinations
estimated average causal effects as differences in pain
(range¼0–100) with 95% confidence intervals (95% CI)
comparing treatment versus no treatment at each follow-up
time point. An unweighted outcome model without residual
effect modifier variables was fit as a secondary analysis to assess
associations without controlling for measured confounders and
other potential biases.

Results

Participant characteristics

There were 1328, 1254 and 1206 observations without de-
pressive symptoms, of which 231 (18%), 236 (19%) and 232
(19%) had oral analgesic treatment at the first, second and
third time points, respectively (Figure 2). At the first three
time points, there were 121, 107 and 109 observations with

Figure 2. Original study sample flow diagram. Participants may take more than one oral analgesic at each time point; effective complete-case analysis

samples for each visit are lower than these frequencies. CES-D, Center for Epidemiological Studies Depression Scale; K-L grade, Kellgren–Lawrence

Grade; NSAIDs, non-steroidal anti-inflammatory drugs; OAI, Osteoarthritis Initiative
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depressive symptoms which included 26 (21%), 24 (22%)
and 29 (27%) with oral analgesic treatment, respectively.
The most used treatment among observations with and with-
out depressive symptoms were NSAIDs, followed by acet-
aminophen, and opioid analgesics were the least used. Pain
was consistently higher at Times 2, 3 and 4 among person-
time with, than without, oral analgesic treatment and depres-
sive symptoms (Table 1).

At the index visit, among observations without depressive
symptoms, oral analgesic treatment was related to being non-
White and having more pain, higher BMI, receiving injec-
tions, history of knee injury, slower gait speed, greater disease
severity and more comorbidity (Table 2). Observations with
depressive symptoms and oral analgesic treatment at the
index visit were associated with being younger, female, non-
White, not married, less educated, covered by health
insurance, smoking and alcohol consumption. Treatment-
covariate associations showed similar trends for clinical
characteristics among baseline observations with symptoms
of depression compared with those without depressive
symptoms; however, SMDs were generally larger in the
former than the latter.

Time-specific estimates

The average causal effects (Table 3) of being treated versus
not treated at Time 1 on knee pain severity at Time 2 among
observations within subgroups of the modifier were −0.10
(95% CI: −9.94, 9.74) and −0.77 (95% CI: −3.24, 1.71) for
those with and without depressive symptoms, respectively.
After 3 years, the average causal effect of treatment versus no
treatment at Time 3 on knee pain severity at Time 4 changed
little among observations without depressive symptoms
(1.00; 95% CI: −1.22, 3.21). By contrast, the average causal
effects of being treated versus not treated at Times 2 and 3 on
knee pain severity at Times 3 and 4 increased to -6.01 (95%
CI: −16.34, 4.32) and −16.67 (95% CI: −26.33, −7.01)
among observations with depressive symptoms, respectively.
Thus, differences in average causal effects for treated versus
not treated between person-time with and without depressive
symptoms increased in magnitude: −1.10 (95% CI: −11.19,
9.00) at Time 2, −5.24 (95% CI: −15.88, 5.39) at Time 3
and −16.53 (95% CI: −26.75, −6.31) at Time 4. Results
from a na€ive outcome model with bias showed similar time
trends for treatment-associated differences in knee pain
severity between observations with and without depressive
symptoms (Table 4).

Cumulative estimates

The average causal effects for 2 years and 3 years of treat-
ment versus no treatment were associated with small differen-
ces in knee pain severity at Times 3 and 4 among
observations without depressive symptoms; estimates were

−2.14 (95% CI: −5.10, 0.83) and −0.75 (95% CI: −6.61,
5.11), respectively. Among person-time with depressive
symptoms, average causal effects comparing treatment versus
no treatment for 2 and 3 years were slightly larger in magni-
tude than those without depressive symptoms, and knee pain
severity was lower at Time 3 (−5.38; 95% CI: −20.62, 9.85)
and Time 4 (−2.76; 95% CI: −24.11, 18.60). Differences in
average causal effects for treated versus not treated between
observations with and without depressive symptoms were
similar in magnitude for 2 years (−3.25; 95% CI: −18.62,
12.13) and 3 years (−2.01; 95% CI: −24.08, 20.06) of treat-
ment. The na€ive outcome model with potential bias yielded
differences in treatment-related associations between person-
time with and without depressive symptoms, analogous to
primary findings.

Discussion

The current study represents the first epidemiological assess-
ment focused on examining how depression influences vari-
ability in oral analgesic treatment effectiveness among
individuals with knee OA. Results showed that average
causal effects for treatment versus no treatment among
person-time without symptoms of depression were associated
with negligible differences in knee pain severity. By contrast,
observations with depressive symptoms and oral analgesic
treatment had average causal effects that showed increasingly
lower knee pain severity compared with person-time without
treatment. Cumulative treatment for 2 or 3 years did not
yield incrementally larger average causal effects, but did
show consistently lower knee pain severity among person-
time with and without depressive symptoms. Findings suggest
that there are scenarios where persons with co-occurring
knee OA and depressive symptoms could derive clinically
meaningful benefit from oral analgesic treatment.
Unlike prior clinical research,39–41 results from this study

showed no substantive treatment-related reductions in knee
pain severity among person-time without depressive symp-
toms, although meta-analysis of RCTs has estimated the
pooled treatment effect of analgesic pharmacotherapies to be
0.46 standard deviations.40 Knee OA patients often reduce
medication dosage because of poor tolerability and take as
little as needed to produce a ‘satisfactory’ state wherein they
can function, and long-term oral analgesic treatment is asso-
ciated with decreased effectiveness.25 Participants in the OAI
without symptoms of depression have different characteris-
tics and behaviours compared with patients who are enrolled
into RCTs.42,43 These differences may explain the small mag-
nitude and mixed directionality of the average causal effects
for treated versus not treated observations without depressive
symptoms. Prior research implies that self-reported knee pain
severity changes little and is characterized by persistence

Table 1. Knee pain severity during follow-up between those treated and not treated with oral analgesics among participants with and without

depressive symptoms

No depressive symptoms, mean (SD) Depressive symptoms, mean (SD)

Treatment Pain assessment Not treated Treated SMD Not treated Treated SMD

T1 T2 10.25 (13.68) 16.01 (18.14) 0.359 17.26 (19.08) 22.39 (19.53) 0.266
T2 T3 9.25 (13.27) 14.38 (15.71) 0.352 16.35 (18.42) 20.00 (17.25) 0.205
T3 T4 9.43 (13.19) 16.23 (16.95) 0.448 18.85 (22.17) 23.39 (20.91) 0.211

SMD, standardized mean difference; SD, standard deviation; T1, Time 1; T2, Time 2; T3, Time 3; T4, Time 4.
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rather than worsening symptoms: a contention supported by
descriptive data from the current study.17 Thus, person-time
without depressive symptoms comprise knee pain trajectories
that have lower severity and less measurement variability.17

In contrast to these observations, person-time with depressive
symptoms includes knee pain trajectories with higher severity
that, in part, could be affected by recall bias and measure-
ment response-shift related to depression.17,44 Future re-
search with high-dimensional data is needed to assess the
reproducibility and generalizability of results from this study.

Whereas prior evidence suggests that depression in knee
OA is associated with inadequate pain relief among those re-
ceiving oral analgesics,22 results from the current study indi-
cate that such treatment is associated with incrementally
larger decreases in knee pain severity among observations
with depressive symptoms. Moreover, the difference in aver-
age causal effects compared with observations without de-
pressive symptoms at the final time point was clinically
meaningful.36 Similarly, cumulative estimates for 2 and 3
years of treatment indicated lower knee pain severity across

Table 2. Descriptive characteristics at the index visit between those treated and not treated with oral analgesics among participants with and without

depressive symptoms

Variables No depressive symptoms (n¼1328) Depressive symptoms (n¼ 121)

Not treated (n¼ 1097) Treated (n¼ 231) SMD Not treated (n¼94) Treated (n¼ 26) SMD

Age, years 62.63 (8.95) 63.12 (9.05) 0.054 61.36 (9.27) 58.04 (8.46) 0.374
Female sex 570 (52.0%) 126 (54.5%) 0.052 55 (58.5%) 17 (65.4%) 0.142
Non-White 189 (17.2%) 49 (21.2%) 0.101 24 (25.5%) 10 (38.5%) 0.280
Marital status 0.075 0.287

Married 762 (69.8%) 163 (70.6%) 53 (56.4%) 11 (44.0%)
Widowed 85 (7.8%) 20 (8.7%) 11 (11.7%) 3 (12.0%)
Divorced 135 (12.4%) 29 (12.6%) 19 (20.2%) 6 (24.0%)
Separated 13 (1.2%) 3 (1.3%) 2 (2.1%) 1 (4.0%)
Never 96 (8.8%) 16 (6.9%) 9 (9.6%) 4 (16.0%)

Education 0.093 0.264
No college degree 372 (34.1%) 89 (38.5%) 48 (51.1%) 15 (60.0%)
College degree 362 (33.2%) 72 (31.2%) 25 (26.6%) 4 (16.0%)
Graduate degree 358 (32.8%) 70 (30.3%) 21 (22.3%) 6 (24.0%)

Employed 656 (59.9%) 143 (61.9%) 0.042 60 (63.8%) 16 (64.0%) 0.004
Insured 1074 (98.4%) 226 (97.8%) 0.038 88 (93.6%) 24 (96.0%) 0.108
Smoking 0.024 0.315

Never 590 (54.6%) 127 (55.2%) 53 (57.0%) 12 (48.0%)
Current 48 (4.4%) 11 (4.8%) 6 (6.5%) 4 (16.0%)
Former 443 (41.0%) 92 (40.0%) 34 (36.6%) 9 (36.0%)

Alcohol use 0.059 0.293
None 180 (16.5%) 43 (18.6%) 26 (27.7%) 4 (16.0%)
Minimal 815 (74.7%) 167 (72.3%) 60 (63.8%) 18 (72.0%)
Moderate 96 (8.8%) 21 (9.1%) 8 (8.5%) 3 (12.0%)

Charlson Comorbidity Index 0.34 (0.82) 0.43 (0.76) 0.118 0.45 (0.88) 0.62 (0.97) 0.187
Symptomatic 485 (44.3%) 123 (53.2%) 0.181 52 (55.3%) 17 (65.4%) 0.207
BMI, kg/m2 28.70 (4.53) 29.73 (4.66) 0.226 29.48 (4.48) 31.62 (4.64) 0.470
Knee injections 23 (2.1%) 19 (8.2%) 0.280 5 (5.3%) 3 (11.5%) 0.225
Knee injuries 38 (3.5%) 15 (6.5%) 0.140 2 (2.1%) 6 (23.1%) 0.665
Gait speed, m/s 1.36 (0.20) 1.31 (0.20) 0.273 1.26 (0.22) 1.19 (0.26) 0.258
WOMAC pain 10.59 (14.00) 18.41 (19.26) 0.465 16.65 (19.98) 26.98 (23.70) 0.471
K-L grade 0.251 0.320

2 621 (56.6%) 104 (45.0%) 56 (59.6%) 13 (50.0%)
3 365 (33.3%) 90 (39.0%) 30 (31.9%) 8 (30.8%)
4 111 (10.1%) 37 (16.0%) 8 (8.5%) 5 (19.2%)

Figures are n (%) or mean (SD).
BMI, body mass index; K-L grade, Kellgren–Lawrence grade; SMD, standardized mean difference; SD, standard deviation; WOMAC, Western Ontario and
McMaster Universities Osteoarthritis Index.

Table 3. Average causal effects of oral analgesic treatment on knee pain severity in participants with and without depressive symptoms from an

IPTW-RWR SNMM

Treatment Pain assessment Depressive symptoms, m (95% CI) No depressive symptoms, m (95% CI) Difference, m (95% CI)

T1 T2 –0.10 (–9.94, 9.74) 1.00 (–1.22, 3.21) –1.10 (–11.19, 9.00)
T2 T3 –6.01 (–16.34, 4.32) –0.77 (–3.24, 1.71) –5.24 (–15.88, 5.39)
T3 T4 –16.67 (–26.33, –7.01) –0.14 (–3.33, 3.06) –16.53 (–26.75, –6.31)
T1–T2 T3 –5.38 (–20.62, 9.85) –2.14 (–5.10, 0.83) –3.25 (–18.62, 12.13)
T1–T3 T4 –2.76 (–24.11, 18.60) –0.75 (–6.61, 5.11) –2.01 (–24.08, 20.06)

m, causal mean difference; CI, confidence interval; IPTW-RWR SNMM, inverse-probability-of-treatment-weighted regression-with-residuals structural nested
mean model; T1, Time 1; T2, Time 2; T3, Time 3; T4, Time 4; T1–T2, Time 1–Time 2; T1–T3, Time 1–Time 3.

6 International Journal of Epidemiology, 2024, Vol. 53, No. 1



time, but the causal mean differences were not larger than 9.7
WOMAC units. Knee OA heterogeneity causes treatment
variability, where effectiveness of therapies differs between
clinical phenotypes.43 The only consistently identified knee
OA subgroup is individuals with depressive symptoms,10,11

and OAI participants satisfying CES-D screening criteria for
major depression have worsening depressive symptoms over
time.33 Knee pain severity among person-time with depres-
sive symptoms may be more closely related to affective symp-
tomology than structural joint pathology.45 For example,
research has shown that the onset, intensity and duration of
knee pain is associated with the presence and severity of de-
pressive symptoms.9,46 Given that greater duration of depres-
sive symptoms is associated with dose-dependent effects
among individuals with radiographic knee OA,19 the rela-
tionship between depression and knee pain severity may be-
come more amenable to intervention using analgesic
treatments, as the persistence of both continues over time.
Despite being a patient subgroup often excluded in RCTs,
results highlight the potential benefits of oral analgesic treat-
ment in the ‘depression’ clinical phenotype, particularly
patients with a history of chronic depressive symptoms and
knee pain severity.

Findings must be interpreted in relation to their limitations.
First, sample sizes regarding person-time with depressive
symptoms limited measurement precision, but reflect the ap-
propriate level of uncertainty related to the prevalence and
natural epidemiology of depression in the general knee OA
population. Frequencies of treated and untreated observa-
tions with depressive symptoms were also comparable to a
single-site RCT focused on depression treatment among knee
OA patients.47 Second, no information was available on med-
ication adherence between time points. Depression in chronic
diseases is associated with poorer medication adherence,
leading to decreased effectiveness, and would bias results
conservatively toward the null.48 Moreover, depressive symp-
toms defined with the CES-D are not equitable to major de-
pression using diagnostic criteria, and there was potential for
within-participant variability regarding severity of symptom-
atology between assessments.30 Finally, confounding by
unmeasured factors could potentially bias results, as well as
violations of other assumptions implicit to estimating moder-
ated causal effects.27 Nonetheless, there would need to be
(i) an unmeasured confounder (e.g. concomitant treatment)
strongly associated with both treatment and outcome, or
(ii) many weak unmeasured confounders to substantially
bias findings.49

There are also multiple study strengths, which include a
clear causal framework and temporal ordering between expo-
sure, modifier and outcome. The OAI cohort is an extensively
documented, high-quality, open-access resource with com-
prehensive longitudinal measures of radiographic disease

severity, knee OA symptoms and a myriad of sociodemo-
graphic and clinical characteristics. This data richness permit-
ted robust adjustment, both directly and indirectly, for an
array of potential confounders that included concomitant
treatments individuals may have received. Additionally, an
augmented version of the IPTW-RWR SNMM approach was
adapted to repeated measures outcome data and appropri-
ately adjusted for time-dependent confounders, over-control
of intermediate pathways and collider-stratification biases,
and missing observations. Last, differences in oral analgesic
treatment effectiveness were similar for estimates with and
without potential biases, suggesting a high degree of internal
validity, and the magnitude of treatment effect moderation
increased after controlling for potential confounders and
addressing other methodological issues.

Conclusion

Collectively, findings highlight the potential effectiveness of
oral analgesic treatment as an intervention to alleviate joint
pain exacerbated by depressive symptoms, and demonstrate
the utility of SNMMs to evaluate time-varying effect modera-
tion of causal treatment effects within prospective cohorts.
However, estimated causal effects indicated that pain relief
among person-time with radiographic knee OA and symp-
toms of depression only manifested and progressively became
meaningfully greater than observations without depressive
symptoms, over the entire study period. This result diverges
from the contention that depression is related to inadequate
pain relief among treated knee OA patients, and exhibits the
relevance of using SNMMs to investigate how the effective-
ness of standard interventions differs between subgroups typ-
ically excluded from RCTs. Nevertheless, it remains unclear
whether the benefits of oral analgesic treatment among OAI
participants with versus without depressive symptoms would
be observed in experimental studies. Additional observational
research using modern epidemiological methods (e.g.
SNMMs) is needed to evaluate the effectiveness of real-world
interventions, among generalizable patient samples, with rep-
resentative treatment utilization patterns, to build upon and
replicate the current study and develop new protocols com-
bining different medical care modalities tailored to the spe-
cific clinical phenotypes in which they are applied.

Ethics approval

Study procedures were followed in accordance with the ethi-
cal standards of the responsible committee on human experi-
mentation (institutional and national) and with Helsinki
Declaration of 1975, as revised in 2000. Institutional review
boards at participating universities (University of Maryland/
Johns Hopkins University; Memorial Hospital of Rhode

Table 4. Average causal effects of oral analgesic treatment on knee pain severity in participants with and without depressive symptoms estimated from

a na€ive outcome model with bias

Treatment Pain assessment Depressive symptoms, m (95% CI) No depressive symptoms, m (95% CI) Difference, m (95% CI)

T1 T2 5.12 (–4.43, 14.68) 5.83 (3.29, 8.37) –0.70 (–10.59, 9.18)
T2 T3 1.22 (–7.24, 9.69) 4.03 (1.58, 6.48) –2.81 (–11.62, 6.00)
T3 T4 –6.55 (–16.65, 3.55) 5.00 (2.35, 7.64) –11.54 (–21.90, –1.19)
T1–T2 T3 5.84 (–7.95, 19.63) 7.48 (4.55, 10.41) –1.63 (–15.48, 12.22)
T1–Y3 T4 11.4 (–6.15, 28.95) 12.38 (9.01, 15.75) –0.98 (–18.63, 16.67)

m, causal mean difference; CI, confidence interval; T1, Time 1; T2, Time 2; T3, Time 3; T4, Time 4; T1–T2, Time 1–Time 2; T1–T3, Time 1–Time 3.
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